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SUMMARY

The values of phase velocities of wulitrasonic waves Io
transversely isotropic media are presented in terns of &, the
fiver volume <fraction of a unidirectional (fiderglass aepoxy
couposite with ronstant zatrix propertles and ) the ratic
retween ex:ensional wmoduli in the longitudinal and transverse
directions of the composite when the propertlies of the fibers are
changed, at a constant fiber voiuae fracticn,

The model of a homogeneous transversely isotropic mediun is
adopted to cdescribe the relations between elastic properties and
velocities. The dlaplacements due to an ogcillatory poinmt ssurce
irn an infinite medium are used as one measure of ccmparison of
the behavior of the unidirectional compcsite according to the
variations of the parameters, as describec sbove.

Values of phase velocities , elastic moduli, 2Zeoisscn’s
ratios and displacements due to & polint scurce can bde read from
the parameterized plots for a kncwn fiber voclume fracticn or =2
known ratioc between extensional modull o¢f the composite .
Alternatively fiter volume <fraction and the ratie betueen
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of the phase velocities are known; or exazp.e from experiaenzal
measurements. Thus, such parameerized curves mey be useful i

nondestructive pechanical prorerty &nd mneterial desgradatlion

[+

characterizations.
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IMTRODUCTION

In composites manufactured from ceontinuous fiders,
acisctropry often arises due to fiver orientaticon and the Jace
that the fidver stiffness is usually much larger than the naatrix
stiffnesa., The homogenscus elastic properties of such coaposites
are usually represented by a coapiete set of independent siastic
corstants which are expressed aither as a stiffness peiriz or e
compliance matrix which s defined by the stress-strein
rela*ionships.

When @ transversely isotropic 2o0del is adopted Zor
unidirectional <composites, a complete set of elastic constants
consists of five independent eloments . These elastic constants
can be deterained a) experimentally either directly by mechanical
testing or by phase velocity measursments of streas waves
propagating through the wmaterial [1=4] or b) Theoretically bty
the rule of aixtures, which combines the elaatic proaperties of
the comaponents according to the the fiber vclume <fractiorn of
tne final composite [5].

Ir a unidirectional composite, if either +the fidber volume
fraction or +the <fidber prorerties a2t a constant Sfiber volume
fraction are cranged, the resulting changes ¢f the eilastic
constants ¢f the stiffness matrix can be quantified. Further,
given the elastic constants, it is Dpossidle <to predict the
charactersistics of sgtress waves travelling through the gedium,
such as phase velocities anéd displacenen-s .

The aasuaptiorn of & nondispersive mediunm is adopted in the

Jresent study. In terms of strass wave propegation, this means




that waves of different frequancles, propagating along a given
direction in the mediua, travel with the saze velioccity . It hsas
been shown that the phamse veloolties can bDe expressed as

functions of the angle J ( that is, the sngle betwsen ths normal

)
o]
g

to the front of the propagating wave and the fibesr Qdirsctic
and the elastic constants when a nondispersive model is adopted
(6].

In this work the elastic moduli, elastic comatants of the
atiffness uzatrix, phase velocities of longitudiral and shear
stress vwaves, and displacements due to an oascillatory peint
source are related to two basic parameters :f an unidirectional
compcsite . The two independent parameters under consideration
are the fiber volume fraction for a unidirectional (fiberglass
spoxy composite and the fiber properties for a wunidirectional
composite with a constant fiber volume fraction of 0.6 vhere the

the matrix ia epoxy .
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UNIDIRECTIONAL FIBERGLASS EPOXY COMPOSITE BEHAVIOR FOR VARIATIONS

OF FIBER VOLUME FRACTION

Elastic Properties for Variable Fiber Volume Fraction

The values of the elastic constants of the s:iffneas natrix
are gzeneratead <Zfor a uaidirectional fiberglass epoxy composite
with different f{ibar volume fractions. The values assused for

the properties of the compcnents are [7]

Extensional modulus of the glase fiber: E.= 72.40 CN/p?
Extensional amodulus of the epoxy aatrix: Eﬂz 5.55 GX/zz
Poisson ratio of the glass fiber: 0,22

Polsson ratioc of the epoxy matrix: 0.40

3

Censity of the glass fiber: 9( = 2540 kg/m

Density of the epoxy matrix: 9, = 1250 kg/n3

The fiber volume fraction is varied from zerv {igotropic
epoxy anaterial) to 1 {isotrcpic E glass Ifiber materisl). The
slastic moduli and the elastic constants of the stiffrness natrix
corresponding to the various cocebinations of fiber and natrix are
calculated wusing the rule of mixtures ]. The properties are
referred *o a cartesian coordinate systen vz, 4in which =z
coincides with the fiber direction,(see Tig.1), anc the Love (3!
aotation is adopted for the elestic constants of the stiffness
astrix.

The resulting values for the elastic modulil (22, E_s0G and G ).

elastic constants of %he stiffness matrix ( C .. C.,r C.os Coo

and C,.) and Poisson's ratios ( Y and ny> are shown

xz! 2x

3




in Fligs. 2, 3 and 4, raspectively, all plotted versus the fiher

volume fraction, Vf.

Phase Velccitiea for Variable Fidar Volume Trection

Using the sesspressions determined previously for the phase
velocities in transversely isotropic media [6], the values of the

velocities of SH,SV and P plane waves with normals at Q°, 30°,

45°. 60° and 90° with respect to the fiber direction (z) are
calculated. The notations SH, SV and P refer to the modes of
the propagating waves [6]. B83H atands for a shear wave with =
polarization direction that i{s allweys parsllel to the xy plane
(FLg+.1) , SV stands for a shear vave with a polarizaticn

direction that is allways in the same plane

[$)
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P stands for & longitudinal wave with a polerization direction

that s allways in the saze plane of propagation [6] . The

resulting phase velocities are shown in Flize, & , £ end 7 tor
S§H, SV and P wevas, respectively .
Displacements due to Osclillatory Point Source for Variable

Fiber Volume Fraction

F

The <displacezents due to an ogcillatory point dource ia
infinite medium for points located along the principal dirsctions
are also calculated. The thecretical formulatior and solution of
this problem were previocusly analyzed . Ixpressions for thne
displacenents were detoermined in terms of the elastic constants

of the the stiffness matrix and the poaition of the peint of




interest [9].

In the present work it is assumed that ths osdiux I=
subjected to an osciliatory pcint force of unit amplitude (1 %)
at a frequancy of 1 XHz wkich is located at the origin of the
coordinate systen. In the adopted coordinata aysten the
oscillatory load is applied in the x directlion, zee Fig.8 . The

isplacements are denoted by u, v and ¥ correaponding %o the

directions defined by the coordinate axes Ix,

Sag
[ ]
o3
.
€

respectively.

The displacements are calculated for points located along
the coordinate axes at 2 » distances from the origin. For the
coordinate system adopted, these doints are defined by 4(2,0,0),
B(0,2,0) and €(0,0,2) for the x, y and z directions . (Refexr to
Fige.1) The contributions of the modes SH, vy and P ars
salculated separately . The displaceaments are shown in Figs. 9,
10 and 11 for the points A, B and C, respectively. Chserve
that displacements other than u, for points along the ccordinave
axes, are zero or are of a lower order of magnitude than u . The
displacements v and w are zeroc for points in the xz and Xy
planaes, respectively, by reasons c¢f loeding syzmetry. The
displacements vy and w# for pointz in yz and x2z planes,
respectively, are of a lower order of aagnitude ;thus they are
neglected in the asyaptotic solutioen of the displacenents due T2

a point source [9].




Directions of Maxiaum Displacements for SY Mode of Propagation

Depending on the specific values of the elastic congtants of
the atiffness nmatrix, some composites produce a special pattern
of proepegation of the SV waves., The s;ecial pattern of the
wave surface corresponding %o this zeds, dsaoted b7 w{sV) [&8],
is characterized by 2n overlapping behavior of the wave front
(having two cuspidal edges) which occurs at certain angles with
respect to the fiber directicn . A5 & consequence of the
geometric pattern of the W(SV) front, the displacements for
points in the medium located along the limiting directions of the
wave front cuspidal edges correspond toc mexiza (§).

The limiting directions corresponding to the cuspidal aedges
of the O35V node front were determined for various fiber volunme
fractions . Theae are the directions of muxima for digspilacements.
The directions are shown in Fig.12, plotted versus fiber volume
fractlion ?f, Observe that the maximum positicns first appear
at & fider volume fraction of 0.07 and disappear for fiber
volume fractions larger than 0.84 . So the range defining the
existence of overlap in the W(SV) wave surface goes frou Vr:0.0T
to V£=0.84 . For fider volume fractions smalier tran 0.(7 or
larger than (.54, the copbposite epprcaches the isotropic bdehavior
c¢f the epoxy natrix or the glass fiber naterial, respectively, so

the directions of zaximum displacenents are coincident witr the

irection z.




UNIDIRECTIONAL COMPOSITE BEHAVIOR FOR VARIATION  OF FIBER
PROPERTIES

Elastic Properties for Varjisble Fiber Properties

The values of +the elastic properties are generated for
unidirectional composites with epozy as ihe matriy and fibers
with different extensional moduli at the constant fiber vyoluae
frection of 0.60. The values assumed for the properties ol ths

components are:

Extensional modulus of the fiber: 5.0 GN/m°a Eg= 500 GN/m2

Extensional modulus of the epoxy matrix: Ea' 5.59 GN/mz
Poisson ratio of the fiber: 0.22

Poisson ratio of the epoxy x=atrix: C.40

The density of ths composlite is taker as 18580 xg/»” for

(%4
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of fiber properties.
The elastic =modull, elastic conastants of the stiffnese
matriz and Poisson’s ratioa corresponding to the various

combinations resulting from the variations of the fider

properties are calculated using the rule of aixtures {2j7. The
alastic constants of the stiffness zatrix ({ Ciqt 012,
c13, 033 and u44) and Poisson ratios Yz’ Vazx and vxy)

are showa in Figs. 13, and 14, respectively, plotted versus the

ratio between the extensional zodulil of

“r

[ ]

k compomite in the

longitudinal and transverse directiions, Ez/E!. The values gdopted

for the properties of the fiter sre assumed, but the resulting

properties of the cocaposite cover tie range of properties of

-]




actual compositss.

Phase Velocities for Variable Fiber Properties

The expressions for phase velocities of yavee in 2
+ransversely isctropic mediux are used for <these calculations
rsl. Again, the values of the phase velccities are calculated
tor the directions of 0°, 30°, §°. 50° and 92°. The resulting
values are shown in Figs. 15, 16 and 17 , for SH, SV and P waves,

reapsctivaely. The notation for the wave nodes {s in accorda:nce

with the previous sectiocns,

Displacencents due to Oscillatory Poiut Source for Variable Fidber

Properties

The displacements for the points A(2,0,0), B(0,2,0) and
€(0,0,2) are again calculated for the same loading conditions
as described earlier, The resulting values for the diaplacenenta
are shown in Figses 18, 19 and 20 for the points A, E and C.
Observe that displacements other than u, for points ealong the
coordinate axes, are zero or ¢of a lower order of magnitude than
u. The displacements v and w are zero for points Iirn the xz and
xy planes, <rTespectively, by reasons of loading syametry. The
displacenments v and w for points in yz and Xz planes,
respectively, are of a lower order of magnitude; <thus they are
neglected in the asymptotic solution of the displacements due ¢o

a point source [9].




Direr Sions of Maximum Displacements for SV Mode of Propagation

Following the same procedures used for the variable (fibder
volume fraction calculations, the positions of maxima for the
displacenesnts corresponding to the SV pode arse computed fer
variations of the fiber elastic properties. For most of <the
renge of <the fiber moduli considered, there are directions of
mexima. It was observed that the directisna of naxima first
appear at a ratio of Ez/Exa2.27 , (see Fig.21) and ccontinue

beyond the upper limit of Ez/Ex plotted.




CONCLUSIONS

The graphs of phase velocities of SE and F waves show ¢hat

the values of velocities increase &) with decressing angle =7
the normal of the propagating wave with respect to the z axis
(that is, the fibar direction); b) with increasing fiber volune
fraction, (Figs. 5 end 7); <for the entire Y, range, axcept
feor values of Vf <0.2 and ¢) with inocreasing ratio
Ez/Ex of the compssite {Ses Figs. 15 and 17.) .

As opposed to the SH and P acdes, the SY mode vaelocities

increase with increasing angle of the noranel to the wave ‘front

with respect to the 2z axis, until 60°, and then decreases until

90°, where the values of velccity are sgain the saze 28 fsr 4hs

0° direction ( sse Figs. & and 16). Equal velocities for 0° an4

90° is &« result of the transversely isotropic model adopted ¢to
describe the composite.

The displacements for the points A, B and C shov a decresse
a) with increasing Vr {Figs. 9, 10 and 11; except for P waves
¢ € 0.2 )3 b} with increasing EZ/E!,
as shown in Figs. 18, 19 and 29.

in the region defined dy V

The typical decreasing of all displacenents varsus
increasing fiber volume fracticon 18 in eagresexzent with the
corressponding increasas in the elaatic constants of the

stiffness. matrix ,Figs. 3 and 13. There is an exception, however,

ia2 the bdehavior of the u displacezent a2t pclint 4. Chserve thet
in Fig.3 <cthe properties C11, 012 and C13 decreane for
increasing Vf. {roe V:=O to Vr-O.Z wvhich justifies the

pattern of u displacements for the point A in the saxze range of




variation of ¥V sse Fig. 9. In the case of the variation of

f.
Ez/Ex, all slastic constante of the stiffness metrix, see Fig.13,

inorease for the entire range 2an
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corregponding

u displacements , see Figs. 18, 19 and 20 , elso increase in all
/B

the Ez’“x range.

The ypositions of naxima for the displacener

*
09

te SY provide a Dbasis for determining if &nd where the
overlapping phenomenon of ¢the WN(SV) wave surface occurs, for
known values of vf or Ez/Ex. If the phencmencn of the

cuspidal overlapping is cspabdle of being detected experimentalliy,

X
from Figs.4 ,5 ,6 and 15, 15, 17 for velocity mesauraments and
from Figse. S, 10, 11 and 18, 19, 20 for displeceaent

measurements.




REFERENCES

(1]

(58]
LIS )

(3]

(4]

=
~
[

M.F. Markham, "Messursmenta of the Elestis Constants of
Fidre Composites by Ultrasonics", Coaposites, Vol.1, No.
3, March 14970, Dpp. 145-145.

Ge Do Dean, and J.F.Lockett, "Determination of the
Mechan{cal Properties of Fiber Composites by Ultrasonlic
Techniquea™, Analyais of the Test Methods for High Modulus
Fitsrs and Composites, ASTM STP 521, American Soclety for
Testing and Haterials, 1973, pp. 326=345.

Re D. Kriz, and W.W. Stinchecomb, "EZlastic Moduli of
Tranaverse isotropic Fibers and Their Composites", Vol.
19, NO.Z, F.bo 1979, ppﬁ 41-490

E.R.C.Marques, J.H.¥i{illiams,Jr, and S.S.les, "Ulirasoonic
Determination of Elastic Constants of the Stiffness Matri:z
of Fiberglass Epoxy Composite",lepartment of Mechanical
Engineering ,M.I.T, Cambridge, {In press).

R.M.Jones, Mechenica of Compocsite Materials, McGraw-~Hill,
New York, 1975.

E.R.C. Harques, J. H.¥illiams, Jr. and S.S.lee, "Stress
vaves in Transversely Isotropic Media: The Eomogenesus
Problea®, Lepartment of Yechanical Engineering. ¥.I.T.,
Cambridge, (In press).

B.¥. “csen, "Stiffness of TFibre Lomposite Hateriaslst,
Composites, Vol.4, KNo.41, Jan. 1973, pp.16-25.

A.E.¥ Love, A Treatise on the Yathematical Theory of
Elasticity, Dover, 1544.

J.H. Williame, °r., E.R.C.Marques and S.5. Lee, “Wave
Propagation in Ar°~ otropic Infinite MHedium Jdue to an
Oaéillatory Point Source with Application to a
Unidirectional Cemposite Materiali", Departaent of
Mechanical Ergineering, M.I.T., Cambridge, (In press).



Piber
direction
x=1

Fig. 4

’ P ,.AE.MJK .l.\-Pgﬂ.rﬁ

|lu

4(2,0,0)

Position of material axes with respect to

coordinate axes

for transversely isotropic mediunm.

i3



(N!n2]

Ez‘ Ex' ze’ ny
(10%)

Elastic moduli

Fig.

. A
A
A,
60 <
-4 d !
P {;;
v ; %

i / ‘
! Ez//// / i
7 . -
[ /’/ ! i'
i s !
30 4 v /,’ A

i
/
,/ d /z‘
/ v ,, I

[

T T T T T .
J 3.2 0.4 0.8 0.8 !
Fibsr volume fraction, Vf
2 Variation of elastic wmodull {a unidirectional
fiverglass epoxy composits versus fiter volune

fraction.



(N/nz)

(10%)

Elastic constanta C11, C12, 013, ij, 044

90 t
80 -
ke g
! /// f
60 - ,
e [
- e /|
| - ! !
i S ;
| c33,/// /
10 "’. . “I
f -~ /
~ ; |
aa ! // /
OH - p
: ~
! ” - C Ve /‘
! - 11 - Caq .7 A
20 ~ o - R
l. /‘( c 1 2 //"/’{‘/‘
! o 1 /_l,.//
\\szai 13
J 1 v 1 1 H T 1 , Y ~
g 3.2 3.4 C.8 0.8 *
Fiber volume fraction, Yf
variation of the elastic constants of stiffness

catrix in unidirectional fZiderglass epoxy conmposite

versus

fibver volunme

g

n

fraction.



Vzx' Vixy

‘s ratiosas
i \’xzt

Poianon

Fig.

[
P Xy s
|'} \ 1
335 -1 ~. ~ ,
; ‘:{ \\\ i
{3 . hY
i ‘xz \
Tl \
! \ \
A Y %
"J.:s -1 1 ~ |
i 1" \ l‘g
l 3
\
52 \ :
! ~.'\ ¢
{ \
\
215 - /
| ~ -
: \ / {
~ f
} ’ o \_\\-:J—zz—/’/ !
; ;
3,05 <
;
¢ -1 ' T : T T T T T T :
» 9.2 2.4 0.6 2.5 1
fiber volume frasction, ?f
4 Variation of 2oisson’'s raticos in unidirectional

fiberglass epoxy composite versus fiter volunme
fraction. { First index indicazes deforaation

LY

direction; second index indicates load direction).

1le



(n/s)

Phase velocity of Sil waves
(107)

Fig.

2.5 A

2.0 4

3.5 :

[ =)
o
4

e
o
[ ]
[ )
o
>~
[ =)
o
©
[+
<

Fiber volume fraction, Vf

5 Variation of ghaso veloc ity of SH_waves {with
noraails 0°, 30, 45°. 60° and 90° with
respect to fiber direction) in unidirectional
fiberglass epoxy composite versus fider volune
fraction.

17




(n/a}

Phase velncity of SV waves

rFig.

(10%)

6

T

1 ! i i l 1 1 i 1) i

3.0 2.2 2.4 0.8 0.3 Ry

Fiber volume fraction, Vr

Variationo of ghaae valocity of SV waves {with
normales C°, 30, 45°, 60° and 90° with
respect to fiber direction) in unidirectiocnal
Iiberglass epoxy composite versus fidsr volucze
fraction.

18



(n/s)

Phese velocity cf P waves

rige.

20~ i
! |
!
1.0 - |
|
(
| !
1"045 E
¥ : Y T =T : T T I T T
2.0 0.2 0.4 3.8 0.8 1.0
Fiber voiume fraction, Vf
7 Variation_ of ghase velocity of 2 waves (with

normals 0°, -,

respect to fibder
fiberglase epoxy
raction.

45°, 60° and 90° with

direction) in
composite versus

unidirectional
fiber volunme




Schematic illustrating sinusoidal point load
exciting an infinite transversely isotropice
medium, where xy is isotropic plane in cartesian
coordinate system defined by (x,y,z).
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